The sensory epithelia of the mammalian inner ear consist of a highly precise pattern of sensory hair cells and supporting cells. The mechanisms regulating this patterning are only beginning to be determined. The present study describes a method for culturing dissociated embryonic inner ear cells and the resulting patterning that occurs in these cultures. The results indicate that developing inner ear cells aggregate into precise patterns on a two-dimensional substrate, suggesting that intrinsic patterning mechanisms remain active in vitro. Using antibodies and scanning electron microscopy to detect hair cells and nonsensory cells, it was determined that only a subset of aggregates contained sensory hair cells. The hair cells were organized into speci®c patterns and surrounded by supporting cells, similar to the in vivo pattern. Additionally, hair cells increased their immunoreactivity and number of stereocilia over time, suggesting that hair cells continue to mature in vitro. Thus, the study reveals that the cells of the developing inner ear provide the necessary signals that direct sensory hair cells and supporting cells to reassociate into very precise patterns in vitro and that these patterns are reminiscent of the patterning that occurs in vivo.
INTRODUCTION
The inner ear arises from the otocyst, a simple,¯uid-®lled sac that gives rise to all of the sensory epithelial regions of the inner ear as well as the statoacoustic ganglion. The epithelial regions of the inner ear are arranged in a precise pattern of supporting cells and sensory hair cells. The cells are arranged so that hair cells normally contact adjacent supporting cells but not one another (reviewed by Kelley and Bianchi 2001) . How the various cell types that originate from the otocyst ultimately organize into the characteristic cellular mosaic of the sensory epithelium is unclear.
The epithelium itself appears to contain the signals necessary for such patterning. Pioneering studies of Orr (1968) demonstrated that dissociated chick otocyst cells would reaggregate into speci®c cell groups when placed in roller cultures for 3±12 days. The cells aggregated into clumps of epithelial-lined structures, connective tissue, and ganglion cells during the culture period. The observation that the dissociated cells aggregated and continued to develop into recognizable structures supports the hypothesis that inner ear cell patterns are established through speci®c molecules. Due to the lack of available markers at that time, the precise cellular constituents of the aggregates could not be determined.
More recently, markers for hair cells and nonsensory cells have been identi®ed. Hair cell markers include anti-calretinin, anti-myosin VIIa, and anti-pv3 antibodies. Calretinin is a calcium-binding protein that is expressed in mouse vestibular hair cells beginning at E17 and in cochlear inner hair cells beginning at E19 (Dechesne et al. 1994) . Myosin VIIa, an unconventional molecular motor, is expressed in mouse vestibular hair cells beginning at E14.5 and in cochlear hair cells after E16.5 (Hasson et al. 1997; Self et al. 1998) . A third hair cell marker, parvalbumin 3 (pv3), is a calcium-binding protein that is restricted to hair cells and is detected as soon as hair cells differentiate in bullfrog, zebra ®sh, chick, and mouse (Heller 2001) . Few markers to identify speci®c supporting cells have been reported; however, anticytokeratin antibodies have been used to identify nonsensory cells in the inner ear (Flock et al. 1982; Kasper et al. 1987; Stone et al. 1996; Lawlor et al. 1999) . The availability of such markers now permits the identi®cation of cells in vitro.
In the present study, an in vitro assay was developed to test whether cell aggregation and patterning also occurred in mammalian inner ear cells. Inner ear tissues were harvested from embryonic mice at days 12±14, periods of active development of the mouse inner ear. E12 is a similar stage of development to that used in the chick studies (Orr 1968) and is a period prior to hair cell differentiation in vivo. By E14, some, but not all, hair cells have committed to the hair cell fate (reviewed by Kelley and Bianchi 2001) . The entire inner ear was used to see if sensory and nonsensory cells from the cochlear and vestibular regions would sort out into speci®c cellular patterns when placed in random order. The markers for hair cells and supporting cells, as well as scanning electron microscopy (SEM), were used to investigate how speci®c inner ear cell types associated in the two-dimensional cultures. The results revealed that mammalian inner ear cells aggregated into speci®c patterns in vitro and only a subset of aggregates contained hair cells. Hair cells were adjacent to supporting cells, similar to the in vivo pattern. Additionally, the time course for hair cell immunoreactivity was similar to that observed in vivo and stereocilia bundles increased in number over time. These results suggest inner ear cells grown in vitro use intrinsic patterning and maturational cues similar to those used in vivo.
METHODS

Tissue culture
Inner ears. Swiss±Webster, CD-1, or C57BL/6 mouse embryos were harvested from euthanized, timedpregnant females at embryonic day (E) 12, 13, or 14. All methods were approved by the Oberlin College IACUC committee. The ears were dissected from all embryos in each litter (8±14 embryos) using ®ne forceps and were cleaned of as much of the surrounding mesenchyme and statoacoustic ganglion as possible. The approximate number of cells harvested from inner ears was 180,200 at E12; 216,900 at E13; and 344,500 at E14 ( /Mg 2+ -free PBS) for 10 min. Cells were then resuspended in the serum-free culture medium and triturated with a ®re-polished pipette.
Cells were plated in the culture medium in 48-well, poly-D-lysine-coated dishes (1 cm   2 ) and incubated at 37°C in a humid, 5% CO 2 incubator for 1±6 days. After 24 and 48 h in vitro, cellular aggregates were classi®ed based on shape and cellular organization. Dissociated cells were initially plated at densities ranging from 300,000 to 1,000,000 cells/cm 2 . A value of 700,000 cells/cm 2 was found to be the optimal density for reaggregation, and all subsequent experiments were done at this density.
Limb bud cultures. To determine whether the aggregation patterns observed in inner ear cultures were common to all tissue types, E13 limb buds were used. Both fore-and hindlimbs were removed and prepared as above for dissociated inner ear cultures. Cells were plated at densities of 700,000 cells/well and processed for cytokeratin immunoreactivity (below) after 48 h in vitro.
Immunocytochemistry
Calretinin and parvalbumin 3. Cells were ®xed in 10% neutral-buffered formalin for 10 min. The cells were then treated with 0.3% hydrogen peroxide and blocked with 1% normal goat serum for 20 min. Cells were incubated overnight in primary antibody [anticalretinn, 1 lg/mL (Chemicon, Temecula, CA) at 4°C; anti pv3, 1:1,000 (Dr. Stefan Heller, Harvard MEEI) at room temperature]. Negative controls lacked primary antibody. The following day the cells were rinsed in PBS then incubated in secondary antibody [biotinylated goat antirabbit, 1:200 (Vector Labs, Burlingame, CA)] for 20 min. The cells were rinsed and then incubated for 30 min with avidin± biotin horseradish peroxidase complex (ABC, Vector Labs). Sites of binding were visualized using diaminobenzidine±HCl (DAB, Sigma).
Myosin VIIa. To further con®rm that calretinin and pv3 immunopositive cells were hair cells, a third haircell-speci®c antibody was used. After 96 h in culture, cells were ®xed in 4% paraformaldehyde for 1 h. Cells were then incubated with 0.1% saponin and rinsed 3 times in PBS/0.1% Tween for 30 min. The cell cul-tures were then treated with 0.3% hydrogen peroxide and preblocked with 10% normal goat serum and 0.03% saponin. Cell cultures were incubated with antimyosin VIIa antibody (10 lg/mL; Dr. Tama Hasson, UCSD) at 4°C overnight. Negative controls lacked primary antibody. Cultures were rinsed with PBS/0.1% Tween and incubated with secondary antibody [biotinylated goat antirabbit, 1:200 (Vector Labs)] overnight at 4°C. The next day they were incubated for 30 min in ABC, rinsed, and developed using DAB (Sigma).
Cytokeratin. A monoclonal anticytokeratin antibody was used to detect nonsensory cells. The cultures were ®xed for 10 min in 10% neutral-buffered formalin, rinsed in PBS, then treated with 0.3% hydrogen peroxide and blocked with 1% normal goat serum for 20 min. Cultures were then incubated in anticytokeratin antibody (1:200, Sigma) for 2 h at room temperature. Cultures were rinsed in PBS, incubated in either biotinylated secondary antibody (1:200, Vector Labs), followed by treatment with ABC (Vector Labs) and visualized using DAB or a Texas Red-conjugated secondary antibody (Vector Labs) which was visualized by¯uorescent optics. Double labeling for hair cells and supporting cells was conducted by incubating the cells in primary antibodies as described above, then treating them with¯uorescent secondary antibodies. Calretinin was detected with a¯uorescein-conjugated secondary antibody (1:400) and cytokeratin with the Texas Red-conjugated secondary antibody (1:200).
BrdU labeling of proliferating cells. To determine whether cells continued to proliferate in vitro, 5-bromo-2¢-deoxyuridine (BrdU; 3 lg/mL, Sigma) was added to the cultures at the time of plating, 2 days after plating, or 3 days after plating. BrdU was left in the cultures for 24 h and then removed, and cells were ®xed in 10% neutral-buffered formalin for 20 min. Cultures were processed for BrdU immunocytochemistry following the methods of Warchol and Corwin (1996) . Following ®xation, cells were rinsed in PBS and treated with 90% methanol/0.3% hydrogen peroxide for 30 min then 2 N HCl for 30 min. Cells were rinsed in PBS one time, then preblocked in 0.5% BSA and 2% normal goat serum for 30 min. Cells were incubated in anti-BrdU antibody (1:50, BD Biosciences, San Jose, CA) in PBS with 1% triton and 2% normal goat serum overnight at 4°C. The following day the cells were rinsed in PBS three times over 15 min, then incubated in a biotinylated antimouse secondary antibody (1:200) for 2 h at room temperature. Cells were then rinsed three times in PBS for 15 min and incubated in the ABC complex, followed by development with DAB. The number of BrdUpositive cells in the con¯uent layer was counted in 2500 lm ®elds selected from across each culture well. The number of ®elds counted depended on the particular cell sheet, as some curled during processing, limiting the areas that could be counted accurately. The number of proliferating cells was also counted in individual dome and thick-walled aggregates.
Scanning electron microscopy
For scanning electron microscopy (SEM) cells were grown on round glass coverslips coated with poly-Dlysine (BD Biosciences, Bedford, MA). Coverslips were placed in 24 well plates and cells were grown as described above for 3±4 days. Cell sheets typically began to lift off of the glass coverslips after 4 days in vitro, and therefore SEM cultures were maintained for a maximum of 4 days. After 3±4 days, the cells were ®xed in 1% gluteraldehyde for 10 min. Cells were rinsed with PBS three times over 20 min and then treated with 1% osmium tetroxide for 30 min. Cells were rinsed with PBS and then dehydrated through ethanol (10%±100%, 10 min each). Cells were then incubated in equal volumes of 100% ethanol and acetone for 10 min and then The mean number of cells per inner ear (SE) was determined for each embryonic age by calculating the total number of cells per assay and dividing by the number of inner ears harvested. Aggregate formation was monitored for each embryonic age, and the time at which aggregate formation was ®rst noted is listed for each density. The time at which hair cell immunoreactivity ®rst became prominent is listed for each stage, indicating the time course for hair cell maturation in vitro. ND = not determined.
100% acetone for 10 min. The cell sheets were then placed in a critical point dryer (LADD Research Industries, Williston, VT) and then sputter-coated with gold (LADD Research Industries). Cultures were viewed and photographed on a Jeol JSM5310 scanning electron microscope.
Imaging
All phase-contrast, bright-®eld, and¯uorescent images were viewed on a Zeiss Axiovert S 100 microscope and were captured using a Zeiss Axiocam digital camera and associated Axiovision software.
RESULTS
Aggregation in vitro
The ®rst goal of this study was to establish whether dissociated E12, E13, or E14 mouse inner ear cells aggregate on a two-dimensional substrate. Initially, E13 cells were plated at various densities to examine whether cell density in¯uenced aggregation. E13 inner ear cells from a single litter were pooled and plated on poly-D-lysine-coated wells at densities of 300,000, 500,000, 700,000, or 1,000,000 cells/well (1 cm 2 ). Within 24 h, cultures with 700,000 and 1´10 6 cells formed a con¯uent layer throughout the well with several aggregates of various shapes located within or on top of this con¯uent layer. Wells with a density of 500,000 cells did not show aggregation at 24 h but showed some aggregates by 48 h. Cultures containing 300,000 cells did not demonstrate aggregation at 24 or 48 h (Table 1) . Additionally, wells plated at densities below 700,000 cells were not conuent and displayed fewer aggregates than the higherdensity cultures. Because cultures with 700,000 cells/ cm 2 were found to yield aggregates consistently within 24 h in vitro, this was chosen as the standard plating density for all subsequent experiments examining E13 and E14 inner ear cells. Aggregation was not observed in E12 inner ear cultures at any of the densities tested.
Aggregate morphology
Within the ®rst 24 h, E13 and E14 inner ear cells began to form aggregates of distinct shapes. All cultures were examined immediately after plating to ensure that undissociated cell aggregates were not present. Any cultures with undissociated clumps were excluded from further analysis. Thus, all aggregation described is a result of reassociation of cells rather than failure of cells to be disrupted initially.
Examination of cultures by phase-contrast microscopy indicated that three primary aggregate shapes were consistently observed in cultures of E13 and E14 inner ear cells. All wells contained combinations of all three aggregates distributed throughout the wells. The``dome'' aggregate were characterized by an outer rim and apparent raised center (Fig. 1A) .``Thick-walled'' aggregate were characterized by a thick outer wall of epithelial-like cells and an inner layer of smooth cells (Fig. 1B) . Both of these aggregate types were detected within 24±48 h in vitro. The number of each aggregate type varied within each well. Typically, the number of dome and thick-walled aggregates each ranged from 3 to 20 cm 2 . The third aggregate type, thè`¯a t'' aggregates, was characterized by a thin rim and central region of¯attened cells organized in a different pattern than the surrounding con¯uent layer (Fig. 1C) . These aggregates were typically observed after 48 h in vitro.
Most aggregates were circular or oval in appearance, though some thick-walled aggregates had more irregular shapes. The diameter of dome aggregates ranged between 100 and 300 lm and the diameter of thick-walled aggregates ranged between 200 and 400 lm after 24 h. The diameter of individual aggregates did not increase at later time points in vitro (up to 6 days in vitro).
Limb bud cultures
To further test whether the aggregation observed from embryonic inner ear cells represented a speci®c patterning mechanism or just a random association of cells, another tissue was processed using the same methods and plating density. Limb buds were chosen as they are easily accessible, contain a mixture of cell types, and are a self-organizing tissue (Tabin 1995) . When E13 limb buds were cultured under these conditions, a remarkably different pattern of aggregation was observed (Fig. 1D) . Unlike inner ear cells, limb bud cells did not form a con¯uent layer of cells across the substrate, even after 48 h in vitro. Limb bud cells formed large, round masses throughout the well surrounded by individual cells. Immunocytochemical staining with anticytokeratin antibodies revealed light immunoreactivity throughout the cell masses, with areas of more intense reactivity con®ned to clusters of cells within some of the masses (Fig. 1D) . Thus, limb bud cells and inner ear cells behave very differently when cultured under the same conditions.
Localization of hair cells in vitro
The majority of cultured inner ear cells were unidenti®able solely on appearance using phase-contrast microscopy. Occasional, neuronlike cells were observed; however, these were rare as care was taken to remove as much ganglia as possible prior to dissociation. In order to identify the cell types associated with the aggregates, immunocytochemical studies were completed using anti-calretinin, anti-myosin VIIa, and anti-parvalbumin 3 antibodies, all of which have been reported to be speci®c for hair cells (Dechesne et al. 1994; Hasson et al. 1997; Heller 2001) .
Cells immunopositive for calretinin were located only in aggregates with dome morphology (Fig. 2A,  B) . Other aggregate types were not immunopositive for calretinin. No staining was observed in controls lacking primary antibody. Immunopositive cells were often seen adjacent to regions of unreactive cells. Approximately 70% of dome aggregates contained cells immunopositive for calretinin (n = 8 wells). Within dome aggregates, hair cells were observed in diverse patterns. Calretinin-positive cells were often arranged in circular groups, rosettes, lines, or stripes. Occasionally, single hair cells were located in patches of nonimmunoreactive cells. Similar patterns of immunoreactivity were detected with myosin VIIa (Fig.  2C,D) and pv3 (Fig. 2E,F depending on the size of the aggregate and the pattern of hair cells within the aggregate.
Localization of supporting cells in vitro
In order to determine where nonsensory supporting cells were located in relation to hair cells, an anticytokeratin antibody was used to identify nonsensory cells. Cytokeratin-positive cells were located within both dome and thick-walled aggregates (Fig.  3A,B) . None of the¯at circle aggregates, identi®ed by phase-contrast microscopy ( Fig. 1C) were immunoreactive for cytokeratin or hair cells markers. Within the dome aggregates, cytokeratin-positive cells were located in regions complementary to cells positive for hair cell markers (Fig. 3A,B) . The rim of dome aggregates was typically immunoreactive for cytokeratin, as were cells within the central region of the aggregate. Cell borders were often distinctly outlined by the cytokeratin marker within the aggregates.
Colocalization of hair cells and supporting cells in dome aggregates
Double labeling for supporting cells and hair cells indicated that cytokeratin-positive cells were typically adjacent to or below hair cells (Fig. 3) . No cells were double labeled for both hair cell and nonsensory cell markers. By focusing through the double-labeled aggregates, it appeared that hair cells were arranged on top of the central region of cytokeratin-positive cells.
SEM analysis con®rmed that hair cells were located on top of the domes and were surrounded by supporting cells. Hair cells were identi®ed by the presence of stereocilia. The majority of domes contained only scattered stereocilia-bearing cells, whereas a few were covered with stereocilia. In domes covered with stereocilia, the stereocilia-bearing cells were located on the top of the aggregate (Fig. 4A ) and each cell was surrounded by short microvilli (Fig. 4A,B) . The spacing between stereocilia-bearing cells suggested that other cells, such as supporting cells, surrounded the hair cells. In addition, cells characteristic of supporting cells, as previously observed in intact organ of Corti, were located along the sides of the dome (Fig.  4A) . In other aggregates expressing fewer stereociliabearing cells, single hair cells were surrounded by several presumptive supporting cells (Fig. 4C) . Thus, SEM revealed hair cells and supporting cells coexisting in the dome aggregates.
Most of the stereocilia on the aggregates were bundles without any clear orientation, kinocilium, or height gradient. Therefore, they may represent immature cochlear or vestibular stereocilia. However, all of the stereocilia observed in the present study were similar in appearance to those shown in Figure 4B . No stereocilia bundles were organized in a shape typical of cochlear inner or outer hair cells. Occasional bundles possessed a projection that was longer than the surrounding stereocilia, projections that were reminiscent of kinocilia (Fig. 4C) .
Thick-walled aggregates were also detected by SEM (Fig. 4D) . Consistent with immunocytochemical studies, these aggregates did not contain hair cells. The concave central region consisted of numerous cells whose appearance was typical of supporting cells previously observed by SEM in whole-mount preparations.
To determine whether the aggregates represented hollow balls or solid masses of cells, cell sheets were removed from the wells, embedded in paraf®n, and sectioned at 4 lm. The sections revealed that the cell sheets contained solid masses of cells. Many of the cells were organized in distinct clusters (Fig. 5A) . Because the hair cell markers used in the present study did not work in paraf®n-embedded tissues, it was not possible to determine the location of hair cells in these cell sheets. The anticytokeratin antibody labeled circular aggregates in the cell sheets indicating areas of nonsensory cells (Fig. 5B) . Whether these aggregates correspond to the dome or thick-walled aggregates observed by phase-contrast and scanning electron microscopy could not be determined.
Maturation of hair cells in vitro
In order to investigate whether hair cells continued to mature in inner ear cultures, the time course of calretinin immunoreactivity was examined. In E13 cultures, immunoreactivity was absent after 2 days in vitro. Prominent immunoreactivity was not detected until 5 days in vitro (Table 1) . Immunoreactivity of E14 inner ear cultures showed weak immunoreactivity after 2 days in vitro, but prominent immunostaining was detected by 3±4 days in vitro (Table 1) . Immunoreactivity continued to be detected until 6 days in vitro, the latest time point examined. Assuming that hair cell maturation continues in vitro, the observed increased immunoreactivity would correspond to approximately E18±20, a period at which hair cells express calretinin immunoreactivity in vivo.
Because pv3 detects hair cells very early in chick and may therefore be able to detect hair cells earlier than the other hair cell markers, immunoreactivity of E14 mouse inner ear cells was tested at 1, 3, and 5 days in vitro. No immunoreactivity was noted after 1 day in vitro, but immunoreactivity was clearly detected by 3 days in vitro, similar to that observed with calretinin (Table 1) . Thus, E14 inner ear cells appear to begin to express hair-cell-speci®c proteins after approximately 3 days in culture.
Further evidence that hair cells mature in vitro came from examination of cultures by SEM. It was noted that few stereocilia-bearing cells were present after 3 days in culture, but several were detected by 4 days in culture, the latest time point examined by SEM. Together, these observations suggest that both hair cell proteins and stereocilia mature in vitro.
Proliferation of cells in vitro
In order to determine whether cells continued to proliferate in vitro, BrdU was added to cultures of E14 inner ear cells at the time of plating, 48 h after plating, or 72 h after plating. The BrdU was left in for 24 h, then cells were processed for BrdU immunocytochemistry. The proliferating cells were located primarily throughout the con¯uent layer of cells ( Table 2 ), cells that were not immunoreactive for hair cell or nonsensory cell markers. Thus, the identity of these cells is unknown. The number of proliferating cells in the con¯uent layer decreased over time in culture. BrdU-positive cells were also seen in thickwalled and dome aggregates, but these represented less than 10% of the total number of proliferating cells (Table 2) . In dome aggregates, the BrdU-positive cells were mainly located around the rim of the dome, an area that contains nonsensory supporting cells (Fig. 6A) . Thick-walled aggregates had labeled cells around the rim as well as in the central region (Fig. 6B) . The¯at-circle aggregates showed few or no BrdU-positive cells in the central region of cells, but proliferating cells were seen all along the outer edge of these aggregates (Fig. 6B ). Double labeling with calretinin and BrdU did not reveal cells that were positive for both markers (not shown).
DISCUSSION
Aggregation of inner ear cells
The embryonic inner ear gives rise to a diverse and complex set of specialized cells during development. The precise arrangement of these cells is critical for correct functioning of the cochlear and vestibular organs. A potentially useful model with which to study the roles of molecular cues in vitro utilizes the natural ability of cell types to reaggregate following dissociation. Reaggregation of cells has been studied in a number of cell types using a variety of culture methods, such as rotating cultures, pellet cultures, and monolayer cultures. The ability of speci®c cell types to reaggregate has been demonstrated in many tissues, including the chick inner ear (Orr 1968) . Although these early studies demonstrated that dissociated E4 chick otocyst cells reaggregated into speci®c cell groups, including epithelial-like structures, the identity of the cell types could not be determined due to the lack of available markers at that time.
In the present study, mammalian inner ear cells were placed on a two-dimensional surface to see if precise patterning could still take place outside of the normal three-dimensional environment. Inner ear cells from E12±14 mouse inner ears were dissociated, placing all cell types of the developing vestibular (2) 37 (4) 27 (6) a BrdU was added for a 24 h period beginning at the time of plating (day 0), 2 days after plating, or 3 days after plating. The mean number of BrdU-positive cells ( standard error) in the con¯uent layer is based on the number of proliferating cells in a 2500 lm area (5±10 ®elds per culture period). The mean number of proliferating cells ( standard error) was also counted in individual dome and thick-walled aggregates (3±6 aggregates per culture period).
FIG. 6.
BrdU-positive cells were located primarily in the unidenti®ed cells of the con¯uent layer (A, B, dark cells). Occasional BrdUpositive cells were found in the central portion of dome aggregates (A, large arrow) or thick-walled aggregates (B, large arrow), but most of the proliferating cells associated with these aggregates were localized to the outer rims of these aggregates (A, B, small arrows). Proliferating cells were rarely seen within the central region of¯at aggregates (arrowhead). Scale bar = 50 lm.
andcochlear regions in a random arrangement. The entire ear was used to see if the cells from different regions and tissue types would be able to sort out into particular cell groupings. The cells were plated onto poly-D-lysine-coated dishes and allowed to settle. The cells formed distinct aggregates within the ®rst 24 h in vitro. Monitoring of cells at various time points from 2 to 24 h in vitro indicated that cells were fully dissociated initially and the observed cell patterns were not a result of undissociated clumps of tissue.
Hair cell patterning
Three distinct aggregate forms were recognized in each culture preparation. Signi®cantly, only the dome aggregates contained hair cells as demonstrated by immunocytochemical studies using three different hair-cell-speci®c antibodies (anti-calretinin, anti-pv3, and anti-myosin VIIa antibodies) and SEM analysis. These results indicated that mammalian hair cells organize into speci®c patterns in vitro.
The patterns of hair cell organization within the aggregates varied somewhat within each aggregate, yet all three markers picked up these same patterns, indicating that the markers detected hair cells in vitro as well as in vivo. Hair cells were typically organized as circles, stripes, lines, or rosettes surrounded by regions of nonsensory cells. The signi®cance of the different hair cell patterns is not yet known but may re¯ect differences in the organization of cochlear and vestibular epithelia. However, because the available hair cell markers are unable to differentiate cochlear from vestibular hair cells, the present study could not address whether particular patterns are associated with different sensory regions of the inner ear.
Organization of supporting cells and hair cells
In dome aggregates, cytokeratin-positive cells typically appeared adjacent to hair cells, suggesting that hair cells and supporting cells colocalize in one aggregate subtype. The pan-cytokeratin antibody used in the present study had previously been used to identify nonsensory cells in the inner ear (Stone et al. 1996) . Although not intended to be a speci®c marker of a given supporting cell type, the cytokeratins label supporting cells of the sensory epithelia beginning in embryonic development as well as cells of the stria vascularis (Kuijpers et al. 1991 (Kuijpers et al. , 1992 . Cytokeratins are found only in epithelial cells and not mesenchymal cells. Cytokeratin-immunopositive cells were often localized in the outer rim of the dome aggregate as well as below the layer of hair cells. The labeling of nonsensory cells in close association with hair cells suggests that the cells are not likely to be from the stria vascularis, though this possibility cannot be ruled out based on the current data. Analysis by SEM further revealed cells characteristic of supporting cells located between stereocilia bundles and around the rim of the dome aggregates. Thus, in vitro, hair cells and supporting cells organize into distinct patterns, similar to the patterns found in vivo. No cells appeared to be double labeled with hair cell and supporting cell markers. Although no hair cells were noted to be in contact with one another or clustered in areas without supporting cells, it is possible that some hair cells were in direct contact with one another. Such direct contact has been noted in developing avian inner ears and the inner ears of mice lacking jag2, a member of the notch signaling family (Goodyear and Richardson 1997; Lanford et al. 1999) . However, in the present study, any such direct contacts would be rare, as the majority of hair cells were surrounding by supporting cells as observed by immunocytochemistry and SEM.
Thick-walled aggregates were also immunoreactive for cytokeratin, but these were not positive for hair cell markers. Thus, supporting cells appear to aggregate into various forms, whereas hair cells associate only with the dome aggregate. Due to the lack of speci®c supporting cell markers, it is currently not possible to identify the types of supporting cells localized to the various aggregate types.
Limb bud cells have different aggregation patterns
The aggregate forms observed from cultures of embryonic inner ear cells were speci®c to ear tissue. When limb bud tissue was cultured under the same conditions and at the same density, the cells behaved very differently. Rather than forming a con¯uent layer with distinct aggregate types located on top, limb bud cells failed to form a con¯uent layer. Large rounded masses were found throughout the well with smaller clusters of cytokeratin-positive cells located within the masses. The lack of similarity between the behaviors of these two tissues in vitro further indicates that inner ear cells are using speci®c mechanisms to regulate the patterning that occurs in vitro.
Hair cell maturation in vitro
All three of the hair cell markers used in the present study label hair cells soon after differentiation. Cultures of E13 and E14 inner ear cells began to express hair cell markers after 3±4 days in vitro. Studies examining the time course of calretinin and pv3 expression in vitro revealed that the time of expression of these hair cell markers was similar to the in vitro condition, suggesting that hair cells continue to mature in vitro. In the present study, hair cells from E13 mice did not express calretinin after 2 days in vitro.
Prominent expression was observed by 5 days in vitro. In E14 inner ear cell cultures, calretinin and pv3 immunoreactivity was detected approximately 1±2 days earlier. Thus, the time course of expression in vitro would correspond to days E18±20 in vitro and is similar to that noted in vivo (Dechesne et al. 1994) .
Stereocilia normally form between E13.5 and 15 in vivo (Lim and Anniko 1985) . SEM revealed that stereocilia number increased between 3 and 4 days in vitro, further suggesting that hair cells mature in vitro. Previous reports of organ cultures of the entire otocyst found that the entire cristae was able to mature in vitro (Anniko et al. 1979) . In that study, the maturation of hair cells and stereocilia tended to lag from one half day to one day behind that observed in vivo. Alternatively, in the present study, immature stereocilia damaged during the dissociation process may have recovered by this time. Overall, the number of domes covered with stereocilia were few. This may re¯ect differences in the timing of stereocilia maturation or recovery in the various domes. Because the cells formed sheets of con¯uent cells that began to lift off the substrate after 5 days in vitro, SEM could not be performed on cultures incubated beyond 4 days. Therefore, it was not possible to determine whether additional stereocilia form after 5 days in vitro.
Proliferation of cells in vitro
In the present study, cell proliferation continued from the time of plating through 4 days in vitro, the latest time point examined. Proliferation was primarily in the unidenti®ed cells forming the con¯uent layer. These cells were not immunoreactive for hair cell or supporting cell markers. The number of proliferating cells per area of con¯uent cells evaluated decreased over the culture period. In contrast to the extensive proliferation in the con¯uent layer of cells, few BrdUpositive cells were located in dome, thick-walled, or at aggregates. In dome or thick-walled aggregates, the number of BrdU-positive cells made up less than 10% of the total number of proliferating cells in the cultures. In dome aggregates, BrdU-positive cells were located mainly around the outer rim, in the area of nonsensory supporting cells. Thick-walled aggregates contained BrdU-positive cells along the outer rim as well as in the central region. The number of positive cells was in¯uenced in part by the size of the aggregates, making it dif®cult to conclude whether cell proliferation changed over the course of the culture period. Although a slight increase in proliferation was observed after 2±3 days in culture in both of these aggregate types, this is most likely a re¯ection of variation in aggregate size rather than proliferation rates. A previous study comparing calretinin immunoreactivity and BrdU labeling indicated that calretinin is detected only in postmitotic cells and not in mitotic progenitors (Zheng and Gao 1997) . These results are in agreement with the present study in which we were unable to identify any cells that were labeled with both calretinin and BrdU. Because the various aggregate types did not increase in size during the culture period, the proliferating cells do not appear to migrate into the aggregates over time.
The ability of inner ear cells to form distinct shapes and the observation that only one aggregate type contained hair cells suggested that some sort of cell± cell recognition or fate-determining mechanism must be taking place. Further, the observation that E12 cells did not reaggregate suggests that these mechanisms are developmentally regulated. In other systems it has been proposed that reaggregates are formed by differential adhesion (causing the most adhesive cells to recognize each other) or speci®c adhesion (cell±cell recognition of speci®c adhesive molecules on the surface of cells; reviewed by Laylor and Willbold 1993) . A general adhesive mechanism causes the most adhesive cells to establish contacts ®rst and, therefore, would be centrally located with the less adhesive cells arranged around the perimeter (reviewed by Laylor and Willbold 1993). The observation that hair cells are found in speci®c patterns (i.e., rosettes, lines, stripes, single cells) throughout the aggregates suggests that a speci®c adhesion mechanism is involved. (Bianchi and Gale 1998; Bianchi and Liu 1999) , and members of the Notch/Delta family Shailam et al. 2000; Eddision et al. 2000) . Whether any of these molecules are associated with cell recognition, fate determination, or aggregation in vitro remains to be determined. It is also unclear whether inner ear cells maintain their fate following dissociation or whether they develop as hair cells and supporting cells once they aggregate. By E14, the cells in the more basal turns of the cochlea are likely committed to their fate, whereas cells in the middle and upper turns are not yet committed to a particular cell fate (reviewed by Kelley and Bianchi 2001) . Thus, in the current assay, there is likely a mix of cells that are committed to hair cell or supporting cell fate, as well as precursors that are not yet committed. Therefore, the aggregates may represent clusters of hair cells and supporting cells that use cell surface molecules to recognize one another and bind together into a particular pattern. Conversely, the cells may represent uncommitted cells that bind together then use cell surface molecules to determine cell fate. For example, members of the notch signaling pathway are important for establishing the normal patterning of hair cells and supporting cells in cochlear and vestibular epithelium Shailam et al. 2000; reviewed by Kelley and Bianchi 2000) . Whether this family is important for the patterning observed following the aggregation that takes place in vitro is unknown. Future studies using this established cell culture system will be able to address such questions.
In summary, this study reveals that embryonic inner ear cells reassociate into a speci®c pattern when dissociated and placed in culture. The cells are able to sort out into these patterns despite the fact that they originate from such a complex mixture of cell types. The aggregation patterns are speci®c to inner ear cells and re¯ect patterns similar to those observed in vivo. This study not only demonstrates intrinsic cell patterning of inner ear cells, it also demonstrates a valuable assay for future studies to address the mechanisms underlying inner ear cell patterning.
